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312

Process (e.g., encode, interleave, and
modulate) each packet of data to obtain a
corresponding block of data symbols

314

Multiplex data symbol blocks onto N ¢ data
symbol streams for transmission on N 4
transmission channels to a receiving entity

Perform spatial spreading on the N, data
symbol streams with steering matrices
to obtain N ¢ spread symbol streams

318

Perform spatial processing on
the N spread symbol streams for

full-CSl or partial-CSI transmission
to obtain N ;. transmit symbol streams

320

Condition and send the N- transmit
symbol streams via N | transmit antennas

FIG. 3
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Start

412

Obtain N streams of received
symbols from N _ receive antennas

414

Estimate the MIMO channel response

416

Perform full-CSl or partial-CS|
receiver spatial processing on
the N received symbol streams
with the MIMO channel estimate to
obtain N, detected symbol streams

Perform spatial despreading on
the N detected symbol streams
with the steering matrces to obtain
N recovered symbol streams

420

Process (e.g., demodulate, deinterleave,
and decode) each block of recovered
symbols in the N ¢ recovered symbol

streams to obtain decoded data

Estimate the SNR of each transmission
channel used for data transmission

and select a suitable rate for the
transmission channel based on its SNR
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DATA TRANSMISSION WITH SPATIAL
SPREADING IN A MIMO COMMUNICATION
SYSTEM

[. CLAIM OF PRIORITY UNDER 35 U.S.C. §119

The present Application for Patent claims priority to
Provisional Application Ser. No. 60/536,307, entitled “Data
Transmission with Spatial Spreading 1n a MIMO Commu-
nication System,” filed Jan. 13, 2004, and assigned to the
assignee hereol and hereby expressly incorporated by ret-
erence herein.

II. REFERENCE TO CO-PENDING
APPLICATIONS FOR PATENT

The present Application for Patent i1s related to the fol-
lowing co-pending U.S. Patent Applications:

“Spatial Spreading 1in a Multi-Antenna Commumnication
System” by Walton et al., having Ser. No. 11/008,863,
filed concurrently herewith, assigned to the assignee
hereot, and expressly incorporated by reference herein;
and

“Broadcast Transmission with Spatial Spreading in a
Multi-Antenna Communication System” by Walton et
al., having Ser. No. 11/009,824, filed concurrently
herewith, assigned to the assignee hereol, and expressly
incorporated by reference herein.

BACKGROUND

I1I. Field

The present invention relates generally to communication,
and more specifically to techniques for transmitting data 1n
a multiple-input multiple-output (MIMO) communication
system.

IV. Background

A MIMO system employs multiple (N ) transmit antennas
at a transmitting entity and multiple (N, ) receive antennas at
a receiving entity for data transmission. A MIMO channel
formed by the N - transmit antennas and N , receive antennas
may be decomposed mnto N. spatial channels, where
N.=min {N., N,}. The N spatial channels may be used to
transmit data in parallel to achieve higher throughput and/or
redundantly to achieve greater reliability.

The MIMO channel between the transmitting entity and
the receiving enftity may experience various deleterious
channel conditions such as, e.g., fading, multipath, and
interference effects. In general, good performance may be
achieved for data transmission via the MIMO channel 11 the
interference and noise observed at the receiving entity are
spatially “white”, which 1s flat or constant interference and
noise power across spatial dimension. This may not be the
case, however, 11 the interference 1s from 1nterfering sources
located 1n specific directions. If the interference 1s spatially
“colored” (not white), then the receiving entity can ascertain
the spatial characteristics of the interference and place beam
nulls 1 the direction of the interfering sources. The receiv-
ing enfity may also provide the transmitting entity with
channel state information (CSI). The transmitting entity can
then spatially process data 1n a manner to maximize signal-
to-noise-and-interference ratio (SNR) at the receiving entity.
Good performance can thus be achieved when the transmiut-
ting and receiving entities perform the appropriate transmit
and receive spatial processing for the data transmission 1n
the presence of spatially colored interference.
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To perform spatial nulling of mterference, the receiving
entity typically needs to ascertain the characteristics of the
interference. If the interference characteristics change over
time, then the receiving entity would need to continually
obtain up-to-date 1nterference information 1n order to accu-
rately place the beam nulls. The receiving entity may also
need to continually send channel state information at a
suflicient rate to allow the transmitting entity to perform the
appropriate spatial processing. The need for accurate inter-
ference information and channel state information renders
spatial nulling of interference not practical for most MIMO
systems.

There 1s therefore a need in the art for techniques to
transmit data in the presence of spatially colored interfer-
ence and noise.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a MIMO system with a transmitting entity,
a recerving entity, and two interfering sources.

FIG. 2 shows a model for data transmission with spatial
spreading.

FIG. 3 shows the processing performed by the transmit-
ting entity.

FIG. 4 shows the processing performed by the receiving
entity.

FIG. 5 shows a block diagram of the transmitting and
receiving entities.

FIG. 6 shows a transmit (1TX) data processor and a TX
spatial processor at the transmitting entity.

FIG. 7 shows a receive (RX) spatial processor and an RX
data processor at the receiving entity.

FIG. 8 shows an RX spatial processor and an RX data

processor that implement a successive interference cancel-
lation (SIC) technique.

DETAILED DESCRIPTION

The word “exemplary” 1s used herein to mean “serving as
an example, instance, or 1illustration.” Any embodiment
described herein as “exemplary” 1s not necessarily to be
construed as preferred or advantageous over other embodi-
ments.

Techniques for transmitting data with spatial spreading 1n
single-carriter and multi-carner MIMO systems are
described herein. Spatial spreading refers to the transmission
of a data symbol (which 1s a modulation symbol for data) on
multiple eigenmodes or spatial channels (described below)
of a MIMO channel simultaneously with a steering vector.
The spatial spreading randomizes a transmission channel
observed by a stream of data symbols, which eflectively
whitens the transmitted data symbol stream and can provide
various benefits as described below.

For data transmission with spatial spreading, a transmit-
ting entity processes (€.g., encodes, interleaves, and modu-
lates) each data packet to obtain a corresponding block of
data symbols and multiplexes data symbol blocks onto N.
data symbol streams for transmission on N transmission
channels 1n a MIMO channel. The transmitting entity then
spatially spreads the N data symbol streams with steering
matrices to obtain N spread symbol streams. The transmit-
ting entity further spatially processes the N spread symbol
streams for either tull-CSI transmission on N eigenmodes
of the MIMO channel or partial-CSI transmission on N
spatial channels of the MIMO channel, as described below.

A recerving entity obtains N, received symbol streams via
N, receive antennas and performs receiver spatial process-
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ing for tull-CSI or partial-CSI transmission to obtain N
detected symbol streams, which are estimates of the N
spread symbol streams. The receiving entity further spatially
despreads the N. detected symbol streams with the same
steering matrices used by the transmaitting entity and obtains
N. recovered symbol streams, which are estimates of the N
data symbol streams. The receiver spatial processing and
spatial despreading may be performed jointly or separately.
The receiving entity then processes (e.g., demodulates,
deinterleaves, and decodes) each block of recovered sym-
bols 1in the N recovered symbol streams to obtain a corre-
sponding decoded data packet.

The receiving entity may also estimate the signal-to-
noise-and-interference ratio (SNR) of each transmission
channel used for data transmission and select a suitable rate
for the transmission channel based on its SNR. The same or
different rates may be selected for the N transmission
channels. The transmitting entity encodes and modulates
data for each transmission channel based on 1ts selected rate.

Various aspects and embodiments of the invention are
described in further detail below.

FIG. 1 shows a MIMO system 100 with a transmitting
entity 110, a receiving entity 150, and two interfering
sources 190a and 190b. Transmitting entity 110 transmuits
data to receiving entity 150 via line-of-sight paths (as shown
in FIG. 1) and/or reflected paths (not shown i FIG. 1).
Interfering sources 190aq and 19056 transmit signals that act
as interference at receiving entity 150. The interference
observed by receiving entity 150 from interfering sources
190a and 1905 may be spatially colored.

1. Single-Carrier MIMO System

For a single-carrier MIMO system, a MIMO channel
formed by the N.-transmit antennas at the transmitting entity
and the N, recetve antennas at the receiving entity may be
characterized by an N,xN., channel response matrix H,
which may be expressed as:

Chyy Ao AL Ng Eq (1)
oy hpa o, Ny
H = : : "
CAng1 Ang2 ot Angng

where entry h, , for1=1 . . . Nz and j=1 . . . N, denotes the
coupling or complex channel gain between transmit antenna
1 and receive antenna 1.

Data may be transmitted in various manners in the MIMO
system. For a full-CSI transmission scheme, data 1s trans-
mitted on “eigenmodes” of the MIMO channel (described
below). For a partial-CSI transmission scheme, data 1s
transmitted on spatial channels of the MIMO channel (also
described below).

A.

For the 1ull-CSI transmission scheme, eigenvalue decom-
position may be performed on a correlation matrix of H to
obtain N. eigenmodes of H, as follows:

Hull-CSI Transmission

R=H7-H=E-A-E", Eq (2)

where R 1s an N xN_. correlation matrix of H;

E 1s an N xN_ unitary matrix whose columns are eigen-
vectors of R;

A 15 an N, xN.. diagonal matrix of eigenvalues of R; and
“ denotes a conjugate transpose.
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4

A unitary matrix U is characterized by the property U*-U=l,
where 1 1s the i1dentity matrix. The columns of a unitary
matrix are orthogonal to one another.

The transmitting entity may perform spatial processing
with the eigenvectors of R to transmit data on the N
cigenmodes of H. The eigenmodes may be viewed as
orthogonal spatial channels obtained through decomposi-
tion. The diagonal entries of A are eigenvalues of R which
represent the power gains for the N. eigenmodes.

The transmitting entity performs spatial processing for
tull-CSI transmission as follows:

x=£KE-s, Eq (3)
where s 1s an Nx1 vector with N non-zero entries for N
data symbols to be transmitted simultaneously on the N
spatial channels; and

X 158 an N, x1 vector with N.. transmit symbols to be sent
from the N, transmit antennas.

The received symbols at the receiving entity may be
expressed as:

r=H"x+j, Eq (4)
where r 1s an N,x1 vector with N, received symbols
obtained via the N, receive antennas; and

11s an Nx1 vector of interference and noise observed at
the recelving entity.

The recerving entity performs spatial processing with an
N, %N, spatial filter matrix M=A~"E”-H" for full-CSI trans-
mission, as follows:

Eq (5)

where s 1s an N, x 1 vector with N recovered symbols or data
symbol estimates, which are estimates of the N data sym-
bols 1n s; and

i=A""E”-H” is the “post-detection” interference and
noise after the spatial processing at the receiving entity.

An eigenmode may be viewed as an eflective channel
between an element of s and a corresponding element of s
with the transmitting and receiving entities performing the
spatial processing shown in equations (3) and (5), respec-
tively. The transmitting and receiving entities typically only
have estimates of the channel response matrix H, which may
be obtained based on pilot symbols. A pilot symbol 1s a
modulation symbol for pilot, which 1s data that 1s known a
prior1 by both the transmitting and receiving entities. For
simplicity, the description herein assumes no channel esti-
mation error.

The vector 1 may be decomposed into an interference
vector 1 and a noise vector n, as follows:

j=I4n. Eq (6)
The noise may be characterized by an N,xN, autocovari-
ance matrix ¢ _=E[nn"], where E[x] is the expected value
of x. If the noise 1s additive white Gaussian noise (AWGN)
with zero mean and a variance of o,°, then the noise

autocovariance matrix may be expressed as: ¢, =o 1.
Similarly, the interference may be characterized by an




US 7,194,042 B2

~
N.xN, autocovariance matrix ¢, =E[i-1"]. The autocovari-
ance matrix of ] may be expressed as q)j.:ﬁi[j-jH]:q)mw)ﬁ,
assuming the interference and noise are uncorrelated.

The interference and noise are considered to be spatially
white if their autocovariance matrices are of the form o=
due to the noise and interference being uncorrelated. For
spatially white interference and noise, each receive antenna
observes the same amount of interference and noise, and the
interference and noise observed at each receive antenna are
uncorrelated with the interference and noise observed at all
other receive antennas. For spatially colored interference
and noise, the autocovariance matrices have non-zero ofl-
diagonal terms due to correlation between the interference
and noise observed at different receive antennas. In this case,
cach receive antenna 1 may observe a different amount of

interference and noise, which 1s equal to the sum of the Ny
elements in the 1-th row of the matrix ¢,..

If the interference and noise are spatially colored, then the
optimal eigenvectors for 1ull-CSI transmission may be
derived as:

— s —lorr— A H
R, =~H, “H=E,_ ANE,".

opt

Eq (7)

The eigenvectors E,_ , steer the data transmission in the
direction of the receiving entity and further place beam nulls
in the direction of the interference. However, the transmait-
ting entity would need to be provided with the autocovari-
ance matrix ¢, in order to derive the eigenvectors E_ .. The
matrix ¢, 1s based on the interference and noise observed at
the receiving entity and can only be determined by the
receiving entity. To spatially null the interference, the receiv-
ing entity would need to send this matrix, or its equivalent,
back to the transmitting entity, which can represent a large

amount of channel state information to send back.

Spatial spreading may be used to spatially whiten the
interference and noise observed by the receiving entity and
may potentially improve performance. The transmitting
entity performs spatial spreading with an ensemble of steer-
ing matrices such that the complementary spatial despread-
ing at the receiving entity spatially whitens the interference
and noise.

For full-CSI transmission with spatial spreading, the
transmitting entity performs processing as follows:

Xpesil M)=E(m) - V(m)-s(m), Eq (8)

where s(m) 1s a data symbol vector for transmission span m;

V(m) 1s an N xN . steering matrix for transmaission span
1,

E(m) 1s a matrix of eigenvectors for transmission span m;
and

Xs;(M) 18 @ transmit symbol vector for transmission span
m.

A transmission span may cover time and/or frequency
dimensions. For example, in a single-carrier MIMO system,
a transmission span may correspond to one symbol period,
which 1s the time duration to transmit one data symbol. A
transmission span may also cover multiple symbol periods.
As shown 1n equation (8), each data symbol 1 s(m) 1s
spatially spread with a respective column of V(m) to obtain
N spread symbols, which may then be transmitted on all
eigenmodes of H(m).

The received symbols at the receiving entity may be
expressed as:

7 fosi M) =H (M) X (M) +j(m)=H (m) E(m)-V(m)-s(m)+]

(m1). Eq (9)
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6

The recerving entity derives a spatial filter matrix M. _(m)
as follows:

Mo (m)y=A"" (m)-E™ (m)-H™(m). Eq (10)

The recerving entity performs receiver spatial processing
and spatial despreading using M, (m) and V¥ (m), respec-
tively, as follows:

8 () = VI (m) - M (m) -1 p (), Eq (11)

= VA (m)- A" (m)- E¥ (m)- H" (m) -

[H(m)- E(m) - V(m)-s(m) + j(m)],

= s(m)+ j__(m),

where j.(m) 1s the “post-detection” interference and noise
alter the spatial processing and spatial despreading at the
receiving entity, which 1s:

Jpesim)=V(m)- A (m)-E" (m)-H" (m) j(m). Eq (12)

As shown 1n equation (12), the received interference and
noise 1n j(m) are transformed by the conjugate transposes of
V(m), E(m), and H(m). E(m) 1s a matrix of eigenvectors that
may not be optimally computed for spatially colored inter-
ference and noise 1f the autocovariance matrix ¢, (m) 1s not
known, which 1s often the case. The transmitting and receiv-
ing entities may, by random chance, operate with a matrix
E(m) that results 1 more interference and noise being
observed by the receiving entity. This may be the case, for
example, 11 a mode of E(m) 1s correlated with the interfer-
ence. I the MIMO channel 1s static, then the transmitting
and recei1ving entities may continually operate with a matrix
E(m) that provides poor performance. The spatial despread-
ing with the steering matrix V(m) spatially whitens the
interference and noise. The eflectiveness of the interference
and noise whitening 1s dependent on the characteristics of
the channel response matrix H(m) and the interference j(m).
If a high degree of correlation exists between the desired
signal and the interference, then this limits the amount of
gain provided by the whitening of the interference and noise.

The SNR of each eigenmode with Tull-CSI transmission
may be expressed as:

Pe(m)adp(m)
7

J

Eq (13
fﬂff:l...Ng, q( )

?Ifcsi,ﬁ (k) —

where P, (m) 1s the transmit power used for the transmit
symbol sent on eigenmode 1 1n transmission span m;

A, (m) 1s the eigenvalue for eigenmode 1 in transmission
span m, which 1s the 1-th diagonal element of A(m);

Crf 1s the variance of the received interference and noise:
and

Y s (M) 15 the SNR of eigenmode 1 1n transmission span
m.
B. Partial-CSI Transmission

For partial-CSI transmission with spatial spreading, the
transmitting entity performs processing as follows:

xpcsi(m): V(W)S(?ﬂ)? Eq (14)
where x,_(m) 1s the transmit data vector for transmission

span m. As shown in equation (14), each data symbol 1n s(m)
1s spatially spread with a respective column of V(m) to
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obtain N, spread symbols, which may then be transmitted
from all N .. transmit antennas.

The received symbols at the recerving entity may be
expressed as:

Ipesi()=H(m)-V(m)-s(m)+j(m)=H_gm)-s(m)+j(m), Eq (15)
where r, ., (m) 1s the received symbol vector for transmis-

s1on span m; and

Heﬁ(m) 1s an eflective channel response matrix, which 1s:

H,_(m)=H(m)V(m). Eq (16)

The receiving entity may derive estimates of the trans-
mitted data symbols 1n s using various receiver processing,
techniques. These techniques include a channel correlation
matrix inversion (CCMI) technique (which 1s also com-
monly referred to as a zero-forcing technique), a minimum
mean square error (MMSE) technique, a successive inter-
terence cancellation (SIC) technique, and so on. The receiv-
ing entity may perform receiver spatial processing and
spatial despreading jointly or separately, as described below.
In the following description, one data symbol stream 1s sent
for each element of the data symbol vector s.

For the CCMI technique, the receiving entity may derive
a spatial filter matrix M ____(m), as follows:

Mccmz' (H‘I): [Heﬁﬂ(m) .Heﬁ(m)]_ : IHEﬁH(m):

Rz (m)-Hog"(m). Eq (17)

The receiving entity may then perform CCMI spatial pro-

cessing and despreading jointly, as follows:

Eq (18)

Sccmi (H’l) = Mcﬂmi(m) . EP-:':S.E (H’l),

= R (m)- Hlg Om)-[H g (m)-sm) + )],

(m),

=s(m) + j

—cCm

where 1__.(m) 1s the CCMI filtered and despread interter-
ence and noise, which 1is:

Jccmi(m):Ref_ : (m) Heﬁﬂ(m)J(m): Pﬁ(m) R : (m)HH

(m)-j(m). Eq (19)

As shown 1n equation (19), the interference and noise j(m)
is whitened by VZ(m). However, due to the structure of
R(m), the CCMI technique may amplify the interference and

noise.

The receiving entity may also perform CCMI spatial
processing and spatial despreading separately, as follows:

3-::-::m.i (H’I) - EH(m) ' M (m) o Eq (20)

—ccnu = pcsi (H’l),

= V™ (m)-R ' (m)- H" (m)-
[H(m) - V(m)-s(m) + j(m)],

(m),

= s(m) + j

*—CCH

where M___(m)=R~}(m)-H”(m). In any case, a spatial chan-
nel may be viewed as an eflective channel between an
element of s and a corresponding element of s with the
transmitting entity performing spatial processing with the
identity matrix I and the receiving entity performing the
appropriate receiver spatial processing to estimate s.
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3
The SNR ifor the CCMI technique may be expressed as:

Py(m)

rep(m) o

Eq (21)

?Icﬂmi,F(m) — forf=1 ... Ng,

where P,(m) is the power used for data symbol stream {s,}
In transmission span m;

r;(m) 1s the 1-th diagonal element of Reﬁ?l(m);

Crf 1s the variance of the received interference and noise:
and

Yoere () 1s the SNR of data symbol stream {s,} in
transmission span m.

The quantity P,(m)/o,” is the SNR of data symbol stream {s,}
at the recerving entity prior to the receiver spatial processing
and 1s commonly referred to as the received SNR. The
quantity vy, {m) is the SNR of data symbol stream {s,}
alter the receiver spatial processing and 1s also referred to as
the post-detection SNR. In the following description, “SNR”
refers to post-detection SNR unless noted otherwise.

For the MMSE technique, the receiving entity may derive
a spatial filter matrix M (m), as follows:

mmse

M s M)=[H o () H g m)+ @y (m)] ™ -H 57 (m). Eq (22)
The spatial filter matrix M__ __(m) minmimizes the mean
square error between the symbol estimates from the spatial
filter and the data symbols. If the autocovariance matrix
¢, (m) 1s not known, which 1s often the case, then the spatial
filter matrix M, __(m) may be approximated as:

M

mmse (M= H o (m)-H g m)+0,° 1]~ -H 57 (m). Eq (23)

The recerving entity may perform MMSE spatial process-
ing and despreading jointly, as follows:

Eq (24)

Smmse-(m) — QQ (H’l) ] Mmmjf(m) ' Epcsi (H’I),

= D) My () [ H gy (m) - sm) + jm),

=LDolm)-Qm)-sim)+j_ (),

where Q(m)=M,,,,..(m)-H,{m);

D,(m) 1s a diagonal matrix whose diagonal elements are
the diagonal elements of Q~'(m), or DQ(m):[diag[Q(m)]]‘l;
and

1......(1) 18 the MMSE filtered and despread interference
and noise, which 1s:

j - my=Dsm)»-M,_(m)-jm), Eq (25)

—IMINAE

= Dy(m)-[Higg(m)- H,p (m) + ¢ _(m)]

H,p(m)- j(m).

The symbol estimates from the spatial filter matrix M
(m) are unnormalized estimates of the data symbols. The
multiplication with D ,(m) provides normalized estimates of
the data symbols. The receiving entity may also perform
MMSE spatial processing and spatial despreading sepa-
rately, similar to that described above for the CCMI tech-
nique.
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The SNR for the MMSE techmque may be expressed as:

Grp(H1) Eq (20)

1 — gpp(m)

’Ymms.f,f’(m) — Py(m), forf =1 ... Ng,

where q,,(m) 1s the 1-th diagonal element of Q(m); and

Ymmse () 15 the SNR of data symbol stream {s, in
transmission span m.

For the SIC technmique, the receiving entity processes the
N, recetved symbol streams in N. successive stages to
recover the N data symbol streams. For each stage 1, the
receiving entity performs spatial processing and despreading,
on either the N, received symbol streams or N, modified
symbol streams from the preceding stage (e.g., using the
CCMI, MMSE, or some other technique) to obtain one
recovered symbol stream {S,}. The receiving entity then
processes (e.g., demodulates, deinterleaves, and decodes)
this recovered symbol stream to obtain a corresponding
decoded data stream {d,}. The receiving entity next esti-
mates the interference this stream causes to the other data
symbol streams not yet recovered. To estimate the interfer-
ence, the receiving entity re-encodes, interleaves, and sym-
bol maps the decoded data stream in the same manner
performed at the transmitting entity for this stream and
obtains a stream of “remodulated” symbols {S,}, which is an
estimate ol the data symbol stream just recovered. The
receiving entity then spatially spreads the remodulated sym-
bol stream with the steering matrix V(m) and further mul-
tiplies the result with the channel response matrix H(m) for
cach transmission span of interest to obtain N, interference
components caused by this stream. The N, interference
components are then subtracted from the N, modified or
recetved symbol streams for the current stage to obtain N,
modified symbol streams for the next stage. The receiving
entity then repeats the same processing on the N, modified
symbol streams to recover another data stream.

For the SIC technique, the SNR of each data symbol
stream 1s dependent on (1) the spatial processing technique
(e.g., CCMI or MMSE) used for each stage, (2) the specific
stage 1n which the data symbol stream i1s recovered, and (3)
the amount of interference due to the data symbol streams
not yet recovered. In general, the SNR progressively
improves for data symbol streams recovered 1n later stages
because the interference from data symbol streams recov-
ered 1n prior stages 1s canceled. This then allows higher rates
to be used for data symbol streams recovered 1n later stages.

C. System Model

FIG. 2 shows a model for data transmission with spatial
spreading. Transmitting entity 110 performs spatial spread-
ing (block 220) and spatial processing for 1ull-CSI or
partial-CSI transmission (block 230). Receiving entity 150
performs receiver spatial processing for full-CSI or partial-
CSI transmission (block 260) and spatial despreading (block
2°70). The description below makes references to the vectors
shown 1n FIG. 2.

FIG. 3 shows a process 300 performed by the transmitting
entity to transmit data with spatial spreading in the MIMO
system. The transmitting entity processes (e.g., encodes and
interleaves) each packet of data to obtain a corresponding
block of coded data, which i1s also called a code block or a
coded data packet (block 312). Each code block 1s encoded
separately at the transmitting entity and decoded separately
at the receiving entity. The transmitting entity further sym-
bol maps each code block to obtain a corresponding block of
data symbols (also block 312). The transmitting entity
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multiplexes all data symbol blocks generated for all data
packets onto N data symbol streams (denoted by vector s)
(block 314). Each data symbol stream 1s sent on a respective
transmission channel. The transmitting entity spatially
spreads the N data symbol streams with steering matrices
and obtains N. spread symbol streams (denoted by a vector
w 1n FIG. 2) (block 316). The spatial spreading 1s such that
cach data symbol block 1s spatially spread with multiple
(N,,) steering matrices to randomize the transmission chan-
nel observed by the block. The randomization of the trans-
mission channel results from using different steering matri-
ces and not necessarily from randomness 1n the elements of
the steering matrices. The transmitting entity further per-
forms spatial processing on the N. spread symbol streams
for Tull-CSI or partial-CSI transmission, as described above,
and obtains N.. transmit symbol streams (denoted by vector
x) (block 318). The transmitting entity then conditions and
sends the N transmit symbol streams via the N transmit
antennas to the receiving entity (block 320).

FIG. 4 shows a process 400 performed by the receiving
entity to receive data transmitted with spatial spreading 1n
the MIMO system. The receiving entity obtains N, recerved
symbol streams (denoted by vector r) via the N, receive
antennas (block 412). The receiving entity estimates the
response of the MIMO channel (block 414), performs spatial
processing for Tull-CSI or partial-CSI transmission based on
the MIMO channel estimate, and obtains N detected sym-
bol streams (denoted by a vector w in FIG. 2) (block 416).
The receiving entity further spatially despreads the N
detected symbol streams with the same steering matrices
used by the transmitting entity and obtains N. recovered
symbol streams (denoted by vector §) (block 418). The
receiver spatial processing and spatial despreading may be
performed jointly or separately, as described above. The
receiving entity then processes (e.g., demodulates deinter-
leaves, and decodes) each block of recovered symbols 1n the
N. recovered symbol streams to obtain a corresponding
decoded data packet (block 420). The receiving entity may
also estimate the SNR of each transmission channel used for
data transmission and select a suitable rate for the transmis-
sion channel based on 1ts SNR (block 422). The same or
different rates may be selected for the N transmission
channels.

Referring back to FIG. 2, the N data symbol streams are
sent on N transmission channels of the MIMO channel.
Each transmission channel i1s an eflective channel observed
by a data symbol stream between an element of the vector
s at the transmitting entity and a corresponding element of
the vector s at the receiving entity (e.g., the 1-th transmission
channel 1s the eflective channel between the 1-th element of
s and the 1-th element of s). The spatial spreading random-
1zes the N transmission channels. The N. spread symbol
streams are sent on either the N. eigenmodes of the MIMO
channel for full-CSI transmission or the N spatial channels
of the MIMO channel for partial-CSI transmission.

D. Spatial Spreading

The steering matrices used for spatial spreading may be
generated 1n various manners, as described below. In one
embodiment, a set of L steering matrices 1s generated and
denoted as {V}, or V(i) for i=1 . . . L, where L. may be any
integer greater than one. These steering matrices are unitary
matrices having orthogonal columns. Steering matrices from
this set are selected and used for spatial spreading.

The spatial spreading may be performed 1n various man-
ners. In general, it 1s desirable to use as many diflerent
steering matrices as possible for each data symbol block so
that the interference and noise are randomized across the
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block. Each data symbol block 1s transmitted 1n N, , trans-
mission spans, where N, >1, and N, ,1s also referred to as the
block length. One steering matrix in the set may be used for
cach transmission span. The transmitting and receiving
entities may be synchronized such that both entities know
which steering matrix to use for each transmission span.
With spatial spreading, the receiving enftity observes a
distribution of interference and noise across each data sym-
bol block even 11 the MIMO channel 1s constant across the
entire block. This avoids the case 1n which high levels of
interference and noise are received because the transmitting
and recerving entities continually use a bad matrix of
eigenvectors or the receiving entity continually observes
colored interference.

The L steering matrices 1n the set may be selected for use
in various manners. In one embodiment, the steering matri-
ces are selected from the set in a deterministic manner. For
example, the L steering matrices may be cycled through and
selected 1n sequential order, starting with the first steering
matrix V(1), then the second steering matrix V(2), and so on,
and then the last steering matrix V(L). In another embodi-
ment, the steering matrices are selected from the set 1n a
pseudo-random manner. For example, the steering matrix to
use for each transmission span m may be selected based on
a function f(m) that pseudo-randomly selects one of the L
steering matrices, or steering matrix V(i(m)). In yet another
embodiment, the steering matrices are selected from the set
in a “permutated” manner. For example, the L steering
matrices may be cycled through and selected for use in
sequential order. However, the starting steering matrix for
cach cycle may be selected in a pseudo-random manner,
instead of always being the first steering matrix V(1). The L
steering matrices may also be selected in other manners, and
this 1s within the scope of the invention.

The steering matrix selection may also be dependent on
the number of steering matrices (L) 1n the set and the block
length (N, /). In general, the number of steering matrices may
be greater than, equal to, or less than the block length.
Steering matrix selection for these three cases may be
performed as described below.

If L=N,, then the number of steering matrices matches
the block length. In this case, a different steering matrix may
be selected for each of the N, , transmission spans used to
send each data symbol block. The N, , steering matrices for
the N,, transmission spans may be selected 1n a determin-
1stic, pseudo-random, or permutated manner, as described
above.

If L<N, , then the block length 1s longer than the number
of steering matrices 1n the set. In this case, the steering
matrices are reused for each data symbol block and may be
selected as described above.

If L>N, , then a subset of the steering matrices 1s used for
cach data symbol block. The selection of the specific subset
to use for each data symbol block may be deterministic or
pseudo-random. For example, the first steering matrix to use
tor the current data symbol block may be the steering matrix
after the last one used for a prior data symbol block.

As noted above, a transmission span may cover one or
multiple symbol periods and/or one or multiple subbands.
For improved performance, 1t 1s desirable to select the
transmission span to be as small as possible so that (1) more
steering matrices can be used for each data symbol block and
(2) each recerving entity can obtain as many “looks” of the
MIMO channel as possible for each data symbol block. The
transmission span should also be shorter than the coherence
time of the MIMO channel, which is the time duration over
which the MIMO channel can be assumed to be approxi-
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mately static. Similarly, the transmission span should be
smaller than the coherence bandwidth of the MIMO channel
for a wideband system (e.g., an OFDM system).

E. Applications for Spatial Spreading

Spatial spreading may be used to randomize and whiten
spatially colored interference and noise for both tull-CSI and
partial-CSI transmission, as described above. This may
improve performance for certain channel conditions.

Spatial spreading may also be used to reduce outage
probability under certain operating scenarios. As an
example, a block of data symbols for a code block may be
partitioned into N data symbol subblocks. Each data sym-
bol subblock may be coded and modulated based on the
SNR expected for the subblock. Each data symbol subblock
may be transmitted as one element of the data symbol vector
s, and the N.. data symbol subblocks may be transmitted 1n
parallel. An outage may then occur 11 any one of the N.-data
symbol subblocks cannot be decoded error free by the
receiving entity.

If partial-CSI transmission without spatial spreading 1s
used for the N.. data symbol subblocks, then each subblock
1s transmitted from a respective transmit antenna. Each data
symbol subblock would then observe the SNR achieved for
the spatial channel corresponding to its transmit antenna.
The receiving entity can estimate the SNR of each spatial
channel, select an appropriate rate for each spatial channel
based on 1ts SNR, and provide the rates for all N spatial
channels to the transmitting entity. The transmitting entity
can then encode and modulate the N.-data symbol subblocks
based on their selected rates.

The MIMO channel may change between time n when the
rates are selected to time n+t when the rates are actually
used. This may be the case, for example, 1f the receiving
entity has moved to a new location, 1f the MIMO channel
changes faster than the feedback rate, and so on. The new
channel response matrix H; at time n+t may have the same
capacity as the prior channel response matrix H, at time n,
which may be expressed as:

NT
Cap(Hy) = ) log(1 +¥i(n))
i=1

Eq (27)

NT

= > logy(1 +¥i(n +7)) = Cap(H,),
i=1

where v.(n) 1s the SNR of spatial channel 1 at time n and
log,(1+y,(n)) 1s the capacity of spatial channel 1 at time n.
Even if the capacities of H, and H, are the same, the
capacities of the individual spatial channels may have
changed between time n and time n+T, so that v.(n) may not
be equal to v.(n+T1).

Without spatial spreading, the outage probability
increases 1i v.(n)<y.(n+t) for any spatial channel 1. This 1s
because a data symbol subblock sent on a spatial channel
with a lower SNR 1s less likely to be decoded error free, and
any data symbol subblock decoded in error corrupts the
entire data symbol block under the above assumption.

If partial-CSI transmission with spatial spreading 1s used
for the N, data symbol subblocks, then each subblock 1s
spatially spread and transmitted from all N transmit anten-
nas. Each data symbol subblock would then be transmitted
on a transmission channel formed by a combination of N

spatial channels of the MIMO channel and would observe an
cllective SNR that 1s a combination of the SNRs for these
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spatial channels. The transmission channel for each data
symbol subblock 1s determined by the steering matrices used
for spatial spreading. If a suflicient number of steering
matrices 1s used to spatlally spread the N, data symbol
subblocks, then the effective SNR observed by each data
symbol subblock will be approximately equal to the average
SNR for all of the spatial channels when a powerful error
correction code 1s employed. With spatial spreading, the
outage probability may then be dependent on the average
SNR of the spatial channels instead of the SNRs of the
individual spatial channels. Thus, 11 the average SNR at time
n+t 1s approximately equal to the average SNR at time n,
then the outage probability may be approximately the same
even though the SNRs of the individual spatial channels may
have changed between times n and n+r.

Spatial spreading can thus improve performance for the
case 1n which inaccurate partial CSI 1s available at the
transmitting entity and/or receirving entity. The inaccurate
partial CSI may result from mobility, mnadequate feedback
rate, and so on.

2. Multi-Carrier MIMO System

Spatial spreading may also be used for a multi-carrier
MIMO system. Multiple carriers may be provided by
orthogonal frequency division multiplexing (OFDM) or
some other constructs. OFDM eflectively partitions the
overall system bandwidth into multiple (N,) orthogonal
frequency subbands, which are also referred to as tones,
subcarriers, bins, and frequency channels. With OFDM,
cach subband 1s associated with a respective subcarrier that
may be modulated with data. For an OFDM-based system,
spatial spreading may be performed on each of the subbands
used for data transmission.

For a MIMO system that utilizes OFDM (1.e., a MIMO-
OFDM system), one data symbol vector s(k,n) may be
formed for each subband k in each OFDM symbol period n.
Vector s(k,n) contains up to N data symbols to be sent via
the N. eigenmodes or spatial channels of subband k in
OFDM symbol period n. Up to N, vectors, s(k,n) for
k=1 . NF,J may be transmitted concurrently on the N
subbands in one OFDM symbol period. For the MIMO-
OFDM system, a transmission span can cover both time and
frequency dimensions. The index m for transmission span
may thus be substituted with k,n for subband k and OFDM
symbol period n. A transmission span may cover one sub-
band 1n one OFDM symbol period or multiple OFDM
symbol periods and/or multiple subbands.

For the {ull-CSI transmission scheme, the channel
response matrix H(k) for each subband k may be decom-
posed to obtain the N. eigenmodes of that subband. The
eigenvalues 1n each c1ag0nal matrix A(k), for k=1 . .. N,
may be ordered such that the first column contams the
largest eigenvalue, the second column contains the next
largest eigenvalue, and so on, or A (K)ZA,(K)= . .. ZA, (k),
where A,(Kk) 1s the eigenvalue 1n the I-th column of A(k) after
the ordering. When the eigenvalues for each matrix H(k) are
ordered, the eigenvectors (or columns) of the associated
matrix E(k) for that subband are also ordered correspond-
ingly. A “wideband” eigenmode may be defined as the set of
same-order eigenmodes of all N, subbands after the order-
ing (e.g., the I-th wideband eigenmode includes the 1-th
cigenmode of all subbands). Each wideband eigenmode 1s
associated with a respective set of N eigenvectors for the
N _subbands. The principle wideband eigenmode 1s the one
associated with the largest eigenvalue in each matrix A(k)
after the ordering. Data may be transmitted on the N

wideband eigenmodes.
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For the partial-CSI transmission scheme, the transmitting
entity may perform spatial spreading and spatial processing
for each subband, and the receiving entity may perform
receiver spatial processing and spatial despreading for each
subband.

Each data symbol block may be transmitted 1n various
manners 1 the MIMO-OFDM system. For example, each
data symbol block may be transmitted as one entry of the
vector s(k,n) for each of the NF subbands. In this case, each
data symbol block 1s sent on all N, subbands and achieves
frequency diversity in combination with spatial diversity
provided by spatial spreading. Each data symbol block may
also span one or multiple OFDM symbol periods. Each data
symbol block may thus span frequency and/or time dimen-
s1ons (by system design) plus spatial dimension (with spatial
spreading).

The steering matrices may also be selected in various
manners for the MIMO-OFDM system. The steering matri-
ces for the subbands may be selected 1n a deterministic,
pseudo-random, or permutated manner, as described above.
For example, the L steering matrices in the set may be cycled
through and selected 1n sequential order for subbands 1
through N, in OFDM symbol period n, then subbands 1
through N in OFDM symbol period n+1, and so on. The
number of steering matrices in the set may be less than,
equal to, or greater than the number of subbands. The three
cases described above for L=N,, L<N,, and L>N,, may
also be applied for the subbands, with N,  being replaced

with N.

3. MIMO System

FIG. 5 shows a block diagram of transmitting entity 110
and recerving entity 150. At transmitting entity 110, a TX
data processor 520 receives and processes (e.g., encodes,
interleaves, and modulates) data and provides data symbols.
A TX spatial processor 530 receives the data symbols,
performs spatial spreading and spatial processing for full-
CSI or partial-CSI transmission, multiplexes in pilot sym-
bols, and provides N, transmit symbol streams to N trans-
mitter units (IMTR) 532a through 532¢. Each transmuitter
unmit 332 performs OFDM modulation (1f applicable) and
turther conditions (e.g., converts to analog, filters, amplifies,
and frequency upconverts) a respective transmit symbol
stream to generate a modulated signal. N . transmitter units
532a through 532¢ provide N modulated signals for trans-
mission from N antennas $34a through 534z, respectively.

At recerving entity 150, N, antennas 352a through 552
receive the N transmitted signals, and each antenna 552
provides a received signal to a respective recerver unit
(RCVR) 554. Each receiver unit 354 performs processing
complementary to that performed by transmitter unit 532
(1including OFDM demodulation, if applicable) and provides
(1) received data symbols to an RX spatial processor 560
and (2) received pilot symbols to a channel estimator 584
within a controller 580. RX spatial processor 560 performs
receiver spatial processing and spatial despreading on N,
received symbol streams from N, receiver units 534 with
spatial filter matrices and steering matrices, respectively,
from controller 580 and provides N. recovered symbol
streams. An RX data processor 570 then processes (e.g.,
demaps, deinterleaves, and decodes) the recovered symbols

and provides decoded data.
Channel estimator 584 may derive H(m), which 1s an
estimate of the channel response matrix H(m), based on pilot

symbols transmitted without spatial spreading. Alterna-
tively, channel estimator 584 may directly derive H ﬁ(m)
which 1s an estimate of the eflective channel response matrix
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H_,(m), based on pilot symbols transmitted with spatial
spreading. In any case, H(m) or H_4{m) may be used to
derive the spatial filter matrix. Channel estimator 5384 further
estimates the SNR of each transmission channel based on
received pilot symbols and/or received data symbols. The

MIMO channel includes N transmission channels for each
subband, but these transmission channels can be different
depending on (1) whether 1ull-CSI or partial-CSI transmis-
sion 1s used, (2) whether or not spatial spreading was
performed, and (3) the specific spatial processing technique
used by the receiving entity. Controller 380 selects a suitable
rate for each transmission channel based on 1ts SNR. Each
selected rate 1s associated with a particular coding scheme
and a particular modulation scheme, which collectively
determine a data rate. The same or diflerent rates may be
selected for the N transmission channels.

The rates for all transmission channels, other information,
and traflic data are processed (e.g., encoded and modulated)
by a TX data processor 590, spatially processed (if needed)
by a TX spatial processor 592, conditioned by transmitter
units 354q through 5547, and sent via antennas 352q through
552r. At transmitting entity 110, the N, signals sent by
receiving entity 150 are received by antennas 334a through
534¢, conditioned by receiver umits 332aq through 532¢,
spatially processed by an RX spatial processor 344, and
turther processed (e.g., demodulated and decoded) by an RX
data processor 546 to recover the selected rates. Controller
540 may then direct TX data processor 520 to process data
for each transmission channel based on the rate selected for
that transmission channel.

Controllers 540 and 3580 also control the operation of
various processing units at transmitting entity 110 and
receiving entity 150, respectively. Memory units 542 and
582 store data and/or program code used by controllers 540
and 380, respectively.

FIG. 6 shows a block diagram of an embodiment of TX
data processor 520 and TX spatial processor 530 at trans-
mitting entity 110. For this embodiment, TX data processor
520 includes N,, TX data stream processors 620a through
620nd for N, data streams {d,}, for 1=1 . . . N,,, where in
general N,,=1.

Within each TX data stream processor 620, an encoder
622 receives and encodes its data stream {d,} based on a
coding scheme and provides code bits. Each data packet 1n
the data stream 1s encoded separately to obtain a correspond-
ing code block or coded data packet. The coding increases
the reliability of the data transmission. The coding scheme
may 1include cyclic redundancy check (CRC) generation,
convolutional coding, Turbo coding, low density parity
check (LDPC) coding, block coding, other coding, or a
combination thereof. With spatial spreading, the SNR can
vary across a code block even 1f the MIMO channel 1s static
over the code block. A sufliciently powertul coding scheme
may be used to combat the SNR variation across the code
block, so that coded performance i1s proportional to the
average SNR across the code block. Some exemplary coding
schemes that can provide good performance for spatial
spreading include Turbo code (e.g., the one defined by
[S-856), LDPC code, and convolutional code.

A channel interleaver 624 interleaves (1.e., reorders) the
code bits based on an interleaving scheme to achieve fre-
quency, time and/or spatial diversity. The interleaving may
be performed across a code block, a partial code block,
multiple code blocks, and so on. A symbol mapping unit 626
maps the interleaved bits based on a modulation scheme and
provides a stream of data symbols {s,}. Unit 626 groups
each set of B interleaved bits to form a B-bit value, where
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B=1, and further maps each B-bit value to a specific
modulation symbol based on the modulation scheme (e.g.,
QPSK, M-PSK, or M-QAM, where M=2”). Unit 626 pro-
vides a block of data symbols for each code block.

In FIG. 6, N, TX data stream processors 620 process N,
data streams. One TX data stream processor 620 may also
process the ND data streams, e.g., 1n a time division mul-
tiplex (ITDM) manner.

Data may be transmitted 1n various manners in the MIMO
system. For example, if N,=1, then one data stream 1s
processed, demultiplexed, and transmitted on all N trans-
mission channels of the MIMO channel. If N,=N., then one
data stream may be processed and transmitted on each
transmission channel. In any case, the data to be sent on each
transmission channel may be encoded and modulated based
on the rate selected for that transmission channel. A multi-
plexer/demultiplexer (Mux/Demux) 628 receives and mul-
tiplexes/demultiplexes the data symbols for the N, data
streams 1nto N. data symbol streams, one data symbol
stream for each transmission channel. If N,=1, then Mux/
Demux 628 demultiplexes the data symbols for one data
stream 1nto N data symbol streams. If N,,=N., then Mux/
Demux 628 can simply provide the data symbols for each
data stream as a respective data symbol stream.

TX spatial processor 530 recerves and spatially processes
the N. data symbol streams. Within TX spatial processor
530, a spatial spreader 632 receives the N data symbol
streams, performs spatial spreading for each transmission
span m with the steering matnx V(m) selected for that
transmission span, and provides N, spread symbol streams.
The steering matrices may be retrieved from a steering
matrix (SM) storage 642 within memory unit 342 or gen-
crated by controller 540 as they are needed. A spatial
processor 634 then spatially processes the N spread symbol
streams with the 1dentity matrix 1 for partial-CSI transmis-
sion or with the matrices E(m) of eigenvectors for full-CSI
transmission. A multiplexer 636 multiplexes the transmit
symbols from spatial processor 634 with pilot symbols (e.g.,
in a time division multiplexed manner) and provides N,
transmit symbol streams for the N transmit antennas.

FIG. 7 shows a block diagram of an RX spatial processor
560a and an RX data processor 570a, which are one
embodiment of RX spatial processor 560 and RX data
processor 570, respectively, at recerving entity 150. Ny
receiver units 354aq through 5547 provide received pilot
symbols, {r”} for i=1 . . . N, to channel estimator 584.
Channel estimator 3584 estimates the channel response
matrix H(m) based on the received pilot symbols and further
estimates the SNR of each transmission channel. Controller
580 derives a spatial filter matrix M(m) and possibly a
diagonal matrix D(m) for each transmission span m based on
the channel response matrix H(m) and possibly the steering
matrix V(m). Receiving entity 150 1s synchronized with
transmitting entity 110 so that both entities use the same
steering matrix V(m) for each transmission span m. The
matrix M(m) may be derived as shown 1n equation (10) for
the full-CSI transmission and as shown 1n equations (17) and
(23) for the partial-CSI transmission with the CCMI and
MMSE techniques, respectively. The matrix M(m) may or
may not include the steering matrix V(m) depending on
whether the receiver spatial processing and spatial despread-
ing are performed jointly or separately.

FIG. 7 shows receiver spatial spreading and spatial
despreading being performed separately. RX spatial proces-
sor 560 obtains received data symbols, {r,”} fori=1 . .. Ny,
from receiver units 554aq through 354» and the matrices

M(m) and V(m) from controller 580. Within RX spatial
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processor 360, a spatial processor 762 performs receiver
spatial processing on the received data symbols for each
transmission span with the matrices M(m). A spatial
despreader 764 then performs spatial despreading with the
matrix V(m) and provides recovered symbols to RX data
processor 570. The receiver spatial processing and spatial
despreading may also be performed jointly using the eflec-
tive MIMO channel estimate, as described above.

For the embodiment shown 1n FIG. 7, RX data processor
570a includes a multiplexer/demultiplexer (Mux/Demux)
768 and N,, RX data stream processors 770a through 770nd
for the N, data streams. Mux/Demux 768 receives and
multiplexes/demultiplexes the N recovered symbol streams
for the N transmission channels into N, recovered symbol
streams for the N, data streams. Within each RX data stream
processor 770, a symbel demapping unit 772 demodulates
the recovered symbols for its data stream 1n accordance with
the modulation scheme used for that stream and provides
demodulated data. A channel deinterleaver 774 deinterleaves
the demodulated data 1n a manner complementary to the
interleaving performed on that stream by transmitting entity

110. A decoder 776 decodes the deinterleaved data in a

manner complementary to the encoding performed by trans-
mitting entity 110 on that stream. For example, a Turbo
decoder or a Viterb1 decoder may be used for decoder 776
if Turbo or convolutional coding, respectively, 1s performed
by transmitting entity 110. Decoder 776 provides a decoded
data stream, which includes a decoded data packet for each
data symbol block.

FIG. 8 shows a block diagram of an RX spatial processor
5606 and an RX data processor 5705, which implement the
SIC technique for receiving entity 150. For simplicity,
N,=N. and RX spatial processor 5600 and RX data pro-
cessor 5700 implement N. cascaded receiver processing
stages for the N. data symbol streams. Each of stages 1 to
N.~1 1includes a spatial processor 860, an interference
canceller 862, an RX data stream processor 870, and a TX
data stream processor 880. The last stage includes only a
spatial processor 860ns and an RX data stream processor
870ns. Each RX data stream processor 870 includes a
symbol demapping unit, a channel deinterleaver, and a
decoder, as shown 1n FIG. 7. Each TX data stream processor
880 1ncludes an encoder, a channel iterleaver, and a symbol
mapping unit, as shown 1 FIG. 6.

For stage 1, spatial processor 860a performs receiver
spatial processing on the N, recetved symbol streams and
provides one recovered symbol stream {8, }. RX data stream
processor 870a demodulates, deinterleaves, and decodes the
recovered symbol stream {8, } and provides a corresponding,
decoded data stream {d,}. TX data stream processor 880a
encodes, interleaves, and modulates the decoded data stream
{d,} in the same manner performed by transmitting entity
110 for that stream and provides a remodulated symbol
stream {S,}. Interference canceller 862a spatially spreads
the remodulated symbol stream {8, } with the steering matrix
V(m) and further multiplies the results with the channel
response matrix H(m) to obtain N, interference components
due to data symbol stream {s, }. The N, interference com-
ponents are subtracted from the N, recerved symbol streams
to obtain N, modified symbol streams, which are provided
to stage 2.

Each of stages 2 through N.~1 performs the same pro-
cessing as stage 1, albeit on the N, modified symbol streams
from the preceding stage 1nstead of the N, received symbol
streams. The last stage performs spatial processing and
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decoding on the N, modified symbol streams from stage
N.~1 and does not pertorm interterence estimation and
cancellation.

Spatial processors 860a through 8607s may each imple-
ment the CCMI, MMSE, or some other technique. Each
spatial processor 860 multiplies an iput (recerved or modi-
ﬁed) symbol vector r., (m) with a spatial filter matrix

M_. ‘(m) and the steermg matrix V(m) to obtain a recovered
symbol vector §_, ‘(m) and provides the recovered symbol
stream for that stage. The matrix M_, (m) 1s derived based
on a reduced channel response matrix H'(m) for the stage.
The matrix H’ (m) 15 equal to H(m) with the columns for all
of the data symbol streams already recovered 1n prior stages
removed.

4. Rate Selection and Control

For both full-CSI and partial-CSI transmission, the
receiving entity can estimate the SNR of each transmission
channel. The SNR computation 1s dependent on (1) whether
tull-CSI or partial-CSI transmission 1s used, (2) whether
spatlal spreading 1s performed and (3) the particular
receiver spatial preeessmg teehmque (e.g., CCMI, MMSE,
or SIC) used by the receiving entity in the case of partial- CSI
transmission. For a MIMO-OFDM system, the SNR for each
subband of each transmission channel may be estimated and
averaged to obtain the SNR of the transmission channel. In
any case, an operating SNR, v_,(1), for each transmission
channel may be computed based on the SNR of the trans-
mission channel, v, (1), and an SNR offset, v (1), as tollows:

Yol D=V pa D+ o5() Eq (28)

where the units are 1n decibels (dB). The SNR offset may be
used to account for estimation error, variability in the
channel, and other factors. A suitable rate 1s selected for each
transmission channel based on the operating SNR of the
transmission channel.

The MIMO system may support a specific set of rates.
One of the supported rates may be for a null rate, which 1s
a data rate of zero. Each of the remaining rates 1s associated
with a particular non-zero data rate, a particular coding
scheme or code rate, a particular modulation scheme, and a
particular mimimum SNR required to achieve a desired level
of performance, e.g., 1% packet error rate (PER) for a
non-fading AWGN channel. For each supported non-zero
rate, the required SNR may be obtained based on the specific
system design (such as the particular code rate, interleaving
scheme, and modulation scheme used by the system for that
rate) and for an AWGN channel. The required SNR may be
obtained by computer simulation, empirical measurements,
and so on, as 1s known 1n the art. The set of supported rates
and their required SNRs may be stored 1n a look-up table.

-

I'he operating SNR, v, (1), of each transmission channel
may be provided to the look-up table, which then returns the
rate q(l) for that transmission channel. This rate 1s the
highest supported rate with a required SNR, vy, (1), that 1s
less than or equal to the operating SNR, or v__ (l){yﬂp(l)
The receiving entity can thus select the highest pessible rate
for each transmission channel based on 1ts operating SNR.

5. Steering Matrix Generation

The steering matrices used for spatial spreading may be
generated 1n various manners, and some exemplary schemes
are described below. A set of L steering matrices may be
pre-computed and stored at the transmitting and receiving
entities and therealiter retrieved for use as they are needed.
Alternatively, these steering matrices may be computed in
real time as they are needed.
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The steering matrices should be unitary matrices and
satisty the following condition:

VA V(i=I, for i=1 . . . L. Eq (29)
Equation (28) indicates that each column of V(1) should have
unit energy and the Hermitian inner product of any two
columns of V(1) should be zero. This condition ensures that
the N. data symbols sent simultaneously using the steering
matrix V(1) have the same power and are orthogonal to one
another prior to transmission.

Some of the steering matrices may also be uncorrelated so
that the correlation between any two uncorrelated steering
matrices 1s zero or a low value. This condition may be
expressed as:

Cij =V V(j)=0, fori=1...L, j=1..
1],

. L, and
Eg (30)

where C(17) 1s the correlation matrix for V(1) and V(3) and O
1s a matrix of all zeros. The condition 1n equation (30) may
improve performance for some applications but 1s not nec-
essary for most applications.

The set of L steering matrices {V} may be generated
using various schemes. In a first scheme, the L steering
matrices are generated based on matrices of random vari-
ables. An N xN._, matrix G with elements that are indepen-
dent 1dentically distributed complex Gaussian random vari-
ables, each having zero mean and unit variance, 1s mnitially
generated. An N.xN . correlation matrix of G 1s computed
and decomposed using eigenvalue decomposition as fol-
lows:

The matrix E; 1s used as a steering matrix V(1) and added to
the set. The process 1s repeated until all L steering matrices
are generated.

In a second scheme, the L steering matrices are generated
based on a set of (log, L)+1 independent 1sotropically
distributed (IID) umtary matrices, as follows:

Vil .
L, . .

. ZQ):Q]_EL szz = e .
., 1p€{0,1},

Eq(32)

where V, 1s an N xN. independent 1sotropically distributed
unitary matrix;
1=1,1, . .. 1,, where Q=log, L and I, 1s the j-th bit of index
1; and
sz-f,, for =1 ... Q, 1s an N, xN_ IID unitary matrix.

The second scheme 1s described by T. L. Marzetta et al. 1n
“Structured Unitary Space-Time Autocoding Constella-
tions,” IEEE Transaction on Information Theory, Vol. 48,

No. 4, Apr. 2002.

In a third scheme, the L steering matrices are generated by
successively rotating an 1nitial unitary steering matrix V(1)
in an N -dimensional complex space, as follows:

Vii+1)=0"-V(1), for i=1 . . . L-1, Eq (33)

where @’ is an N,xN_.diagonal unitary matrix with elements
that are L-th roots of unity. The third scheme 1s described by
B. M. Hochwald et al. 1n “Systematic Design of Unitary

Space-Time Constellations,” IEEE Transaction on Informa-
tion Theory, Vol. 46, No. 6, Sep. 2000.

In a fourth scheme, the set of L steering matrices 1s
generated with a base matrix B and different scalars. The
base matrix may be a Walsh matrix, a Fourier matrix, or
some other matrix. A 2x2 Walsh matrix may be expressed as
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1 1
EZ:{Z — 1 _1 )

A larger size Walsh matrix W,~ .- may be formed from a
smaller size Walsh matrix W, ., as follows:

Eq (34)

—WN}{N EN}{N

Ezwxzw =

_—EN}{N _EN}{N |

Walsh matrices have dimensions that are powers of two.

An N,xN Fourier matrix D has element w,,  in the n-th
row of the m-th column, which may be expressed as:

_pp i) Eg (35)
Wpm = € s A ]
for n ={l...Ny} and m ={1...N7},

where n 1s a row index and m 1s a column index. Fourier
matrices of any square dimension (e.g., 2, 3, 4, 3, and so on)
may be formed.

An N xN., Walsh matrix W, Fourier matrix D, or some
other matrix may be used as the base matrix B to form other
steering matrices. Each of rows 2 through N.. of the base
matrix may be independently multiplied with one of M
different possible scalars, where M>1. MY7! different steer-
ing matrices may be obtained from M7 different permu-
tations of the M scalars for the N,~1 rows. For example,
cach of rows 2 through N.-may be independently multiplied
with a scalar of +1, -1, +}, or —j, where j=v-1. For N,~4 and
M=4, 64 different steering matrices may be generated from
the base matrix B with the four different scalars. Additional
steering matrices may be generated with other scalars, e.g.,
e e %8 and so on. In general, each row of the
base matrix may be multiplied with any scalar having the
form €, where 0 may be any phase value. N, xN . steering
matrices may be generated as V(1)=g,, -B(1), where g,, =1/
VN, and B(1) is the i-th matrix generated with the base
matrix B. The scaling by g, ensures that each column of
V(1) has unit power.

Other schemes may also be used to generate the set of L
steering matrices, and this 1s within the scope of the mven-
tion. In general, the steering matrices may be generated 1n a
pseudo-random manner (e.g., such as the first scheme) or a
deterministic manner (e.g., such as the second, third, and
fourth schemes).

The spatial spreading techniques described herein may be
implemented by various means. For example, these tech-
niques may be implemented in hardware, software, or a
combination thereof. For a hardware implementation, the
processing units for spatial spreading at the transmitting
entity and spatial despreading at the receiving entity may be
implemented within one or more application specific inte-
grated circuits (ASICs), digital signal processors (DSPs),
digital signal processing devices (DSPDs), programmable
logic devices (PLDs), field programmable gate arrays (FP-
(G As), processors, controllers, micro-controllers, micropro-
cessors, other electronic units designed to perform the
functions described herein, or a combination thereof.
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For a software implementation, the spatial spreading
techniques may be implemented with modules (e.g., proce-
dures, functions, and so on) that perform the functions
described herein. The software codes may be stored in
memory units (e.g., memory units 542 and 582 in FIG. §5)
and executed by a processor (e.g., controllers 540 and 580
in F1G. 5). The memory unit may be implemented within the
processor or external to the processor, in which case 1t can
be communicatively coupled to the processor via various
means as 1s known 1n the art.

Headings are included herein for reference and to aid in
locating certain sections. These headings are not intended to
limit the scope of the concepts described therein under, and
these concepts may have applicability in other sections
throughout the entire specification.

The previous description of the disclosed embodiments 1s
provided to enable any person skilled in the art to make or
use the present invention. Various modifications to these
embodiments will be readily apparent to those skilled 1n the
art, and the generic principles defined herein may be applied
to other embodiments without departing from the spirit or
scope of the mvention. Thus, the present invention i1s not
intended to be limited to the embodiments shown herein but
1s to be accorded the widest scope consistent with the
principles and novel features disclosed herein.

What 1s claimed 1s:

1. A method of transmitting data from a transmitting entity
to a receiving entity in a wireless multiple-input multiple-
output (MIMO) communication system, comprising;:

processing data to obtain a plurality of streams of data

symbols for transmission on a plurality of transmission
channels in a MIMO channel between the transmitting
entity and the receiving entity;

performing spatial spreading on the plurality of streams of

data symbols with at least two diflerent steering matri-
ces for a plurality of subbands to obtain a plurality of
streams of spread symbols, wherein the spatial spread-
ing with the plurality of steering matrices randomizes
the plurality of transmission channels for the plurality
of streams of data symbols;

performing spatial processing on the plurality of streams

of spread symbols to obtain a plurality of streams of
transmit symbols for transmission from a plurality of
transmit antennas at the transmitting enftity; and trans-
mitting the plurality of streams of transmit symbols
from the plurality of transmit antennas.

2. The method of claim 1, wherein the performing spatial
processing comprises

multiplying the plurality of streams of spread symbols

with matrices of eigenvectors to transmit the plurality
of streams of spread symbols on a plurality of eigen-
modes of the MIMO channel.

3. The method of claim 1, wherein the performing spatial
processing comprises

providing each of the plurality of streams of spread

symbols as one of the plurality of streams of transmit
symbols.

4. The method of claim 1, wherein the processing data
Comprises

encoding and modulating data for each of the plurality of

streams of data symbols based on a rate selected for the
stream of data symbols.

5. The method of claim 4, turther comprising;:

obtaining the rate for each stream of data symbols, the rate

being selected based on a signal-to-noise-and-interfer-
ence ratio (SNR) of a transmission channel for the
stream of data symbols.
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6. The method of claim 1, wherein the processing data
COmprises

encoding and modulating each of a plurality of packets of
data to obtain a block of data symbols, and

multiplexing a plurality of blocks of data symbols gen-
crated for the plurality of packets of data onto the
plurality of streams of data symbols.

7. The method of claim 6, wherein the encoding and

modulating comprise

encoding each packet of data based on a Turbo code, a
convolutional code, or a low density parity check
(LDPC) code to obtain a block of coded data, and

symbol mapping each block of coded data based on a
modulation scheme to obtain a block of data symbols.

8. The method of claim 6, wherein the multiplexing the

plurality of blocks of data symbols comprises
multiplexing each block of data symbols onto one of the
plurality of streams of data symbols.

9. The method of claim 6, wherein the multiplexing the

plurality of blocks of data symbols comprises
multiplexing each block of data symbols onto all of the
plurality of streams of data symbols.

10. The method of claim 1, wherein the performing spatial

spreading comprises

performing spatial processing on the plurality of streams
of data symbols using a set of L steering matrices,
where L 1s an integer greater than one.

11. The method of claim 10, further comprising:

generating the L steering matrices as unitary matrices
having orthogonal columns.

12. The method of claim 10, further comprising:

selecting a steering matrix from among the L steering
matrices for each time 1nterval, and wherein the spatial
spreading 1s performed for each time interval with the
steering matrix selected for the time interval.

13. The method of claim 10, further comprising:

selecting a steering matrix from among the L steering
matrices for each group of at least one frequency
subband, and wheremn the spatial spreading i1s per-
formed for each group of at least one frequency sub-
band with the steering matrix selected for the group.

14. The method of claim 1, further comprising;:

processing each of the plurality of streams of transmit
symbols for orthogonal frequency division multiplex-
ing (OFDM).

15. An apparatus in a wireless multiple-input multiple-

output (MIMO) communication system, comprising:

a data processor to process data to obtain a plurality of
streams of data symbols for transmission on a plurality
of transmission channels 1n a MIMO channel between
a transmitting entity and a receiving entity in the
MIMO system;

a spatial spreader to perform spatial spreading on the
plurality of streams of data symbols with at least two
different steering matrices for a plurality of subbands to
obtain a plurality of streams of spread symbols,
wherein the spatial spreading with the plurality of
steering matrices randomizes the plurality of transmis-
ston channels for the plurality of streams of data
symbols;

a spatial processor to perform spatial processing on the
plurality of streams of spread symbols to obtain a
plurality of streams of transmit symbols for transmis-
sion from a plurality of transmit antennas at the trans-
mitting entity and a transmitter configured to transmit
the plurality of streams of transmit symbols from the
plurality of transmait antennas.
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16. The apparatus of claim 15, wherein the spatial pro-
cessor multiplies the plurality of streams of spread symbols
with matrices of eigenvectors to transmit the plurality of
streams of spread symbols on a plurality of eigenmodes of
the MIMO channel.

17. The apparatus of claim 15, wherein the spatial pro-
cessor provides each of the plurality of streams of spread
symbols as one of the plurality of streams of transmait
symbols.

18. The apparatus of claim 15, wherein the data processor
encodes and modulates data for each of the plurality of
streams of data symbols 1n accordance with a rate selected
based on a signal-to-noise-and-interference ratio (SNR) of a
transmission channel used for the stream of data symbols.

19. The apparatus of claim 15, wherein the data processor
encodes and modulates each of a plurality of packets of data
to obtain a block of data symbols, and multiplexes a plurality
of blocks of data symbols generated for the plurality of
packets of data onto the plurality of streams of data symbols.

20. The apparatus of claim 15, further comprising;:

a controller to select a steering matrix from among L
steering matrices for each time interval, where L 1s an
integer greater than one, and wherein the spatial
spreader performs spatial spreading for each time inter-
val with the steering matrix selected for the time
interval.

21. The apparatus of claim 15, wherein the spatial spread-
ing by the spatial spreader results 1in whitened interference
and noise observed by the receiving entity for the plurality
of streams of data symbols after spatial despreading by the
receiving entity.

22. The apparatus of claim 15, wherein the MIMO chan-
nel mcludes plurality of spatial channels, and wherein the
spatial spreading by the spatial spreader results 1n each of the
plurality of transmission channels achieving a signal-to-
noise-and-interference ratio (SNR) that 1s an average of
SNRs of the plurality of spatial channels.

23. An apparatus in a wireless multiple-input multiple-
output (MIMO) communication system, comprising:

means for processing data to obtain a plurality of streams

of data symbols for transmission on a plurality of

transmission channels 1n a MIMO channel between a
transmitting entity and a receiving entity in the MIMO
system:
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steering matrices for a plurality of subbands to obtain
a plurality of streams of spread symbols, wherein the
spatial spreading with the plurality of steering matrices
randomizes the plurality of transmission channels for
the plurality of streams of data symbols;
means for performing spatial processing on the plurality
of streams of spread symbols to obtain a plurality of
streams of transmit symbols for transmission from a
plurality of transmit antennas at the transmitting entity
means for transmitting the plurality of streams of
transmit symbols from the plurality of transmit anten-
nas.
24. The apparatus of claim 23, wherein the means for
performing spatial processing comprises
means for multiplying the plurality of streams of spread
symbols with matrices of eigenvectors to transmit the
plurality of streams of spread symbols on a plurality of
cigenmodes of the MIMO channel.
25. The apparatus of claim 23, wherein the means for
performing spatial processing comprises
means for providing each of the plurality of streams of
spread symbols as one of the plurality of streams of
transmit symbols.
26. The apparatus of claim 23, wherein the means for
processing data comprises

means for encoding and modulating data for each of the
plurality of streams of data symbols in accordance with
a rate selected based on a signal-to-noise-and-interfer-
ence ratio (SNR) of a transmission channel for the
stream of data symbols.

27. The apparatus of claim 23, wherein the means for
processing data comprises

means for encoding and modulating each of a plurality of
packets of data to obtain a block of data symbols, and

means for multiplexing a plurality of blocks of data
symbols generated for the plurality of packets of data
onto the plurality of streams of data symbols.

28. The apparatus of claim 23, further comprising:

means for selecting a steering matrix from among L
steering matrices for each time interval, where L 1s an
integer greater than one, and wherein the spatial spread-
ing for each time interval 1s performed with the steering
matrix selected for the time interval.
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